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Abstract 
We demonstrate strain-tuning of magnetocrystalline anisotropy over a range of more than one 
thousand Gauss in epitaxial Y3Fe5O12 films of excellent crystalline quality grown on lattice-
mismatched Y3Al5O12 substrates. Ferromagnetic resonance (FMR) measurements reveal a linear 
dependence of both out-of-plane and in-plane uniaxial anisotropy on the strain-induced 
tetragonal distortion of Y3Fe5O12. Importantly, we find the spin mixing conductance ܩ௥ 
determined from inverse spin Hall effect and FMR linewidth broadening remains large: ܩ௥  = 
3.33  1014 -1m-2 in Pt/Y3Fe5O12/Y3Al5O12 heterostructures, quite comparable to the value 
found in Pt/Y3Fe5O12 grown on lattice-matched Gd3Ga5O12 substrates. 
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Magnetocrystalline anisotropy [1-6] plays an essential role in permanent magnets, 
magnetic data storage, energy generation and transformation, magnetic resonance, and there is 
intense interest in understanding the role of magnetoelastic coupling in phonon-magnon 
interactions in thermal spintronics. With the growing applications of magnetic films, it is 
important to understand magnetocrystalline anisotropy in the presence of lattice distortion 
induced by epitaxial strain and the underlying magnetization-lattice coupling. Tunable magnetic 
anisotropy was observed in GaMnAs films at low temperatures using epitaxial strain [3], in 
GaMnAsP films by varying the phosphorous content [4] and in Sr2FeMoO6 epitaxial films with 
various strains grown on a selected set of single-crystal substrates and buffer layers [6]. 
Ferrimagnetic insulating Y3Fe5O12 (YIG) is widely used in FMR and microwave applications as 
well as spin dynamics studies [7-10] due to its exceptionally low magnetic damping. Most YIG 
epitaxial films and single crystals are produced by liquid-phase epitaxy (LPE) with thicknesses 
from 100 nm to millimeters [11]. Pulsed-laser deposition (PLD) has also been used to grow 
epitaxial YIG thin films [12-14]. However, a systematic study of strain-dependence of 
magnetocrystalline anisotropy is lacking, largely due to the challenges inherent in controlling the 
epitaxial strain while maintaining sufficiently high crystalline quality. Strain control in high 
quality YIG films will allow tuning of magnetocrystalline anisotropy, which in turn determines 
the static and dynamic magnetization of the YIG films. 
Most reported YIG epitaxial film fabrication has employed Gd3Ga5O12 (GGG) substrates 
which has a lattice mismatch  = (as – af)/af  100% of 0.057% with YIG, where as = 12.383 Å 
and af = 12.376 Å are the lattice constants of the GGG substrate and unstrained YIG, 
respectively. In order to probe the magnetocrystalline anisotropy in epitaxial YIG films in 
response to lattice distortion, we report in this letter the growth of YIG epitaxial thin films on 
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(001)-oriented Y3Al5O12 (YAG) substrate [11, 15, 16] with a = 12.003 Å ( = -3.0%). The larger 
lattice mismatch results in thickness-controlled strain-induced tetragonal distortion in the YIG 
films, which leads to variation in their out-of-plane and in-plane magnetocrystalline anisotropy 
as discussed below. 
We grow epitaxial YIG films with thicknesses t ranging from 9.8 to 72.7 nm using a new 
sputtering technique [10, 17, 18] on YAG (001) substrates and determine their crystalline quality 
by triple-axis x-ray diffraction (XRD). Figure 1a shows 2θ- XRD scans of the YIG films of 
seven different thicknesses on YAG (001). The pronounced Laue oscillations observed in the 
37.9-nm and 72.7-nm films indicate smooth surfaces and sharp YIG/YAG interfaces. The gradual 
shift of the YIG (004) peak position clearly reflects strain relaxation as the thickness of the YIG 
films increases from 9.8 to 72.7 nm. The lattice mismatch (	 = -3.0%, compressive) elongates 
the out-of-plane lattice constant c, resulting in a tetragonal distortion. To obtain the in-plane 
lattice constant a, we assume conservation of the unit cell volume of YIG during stain relaxation, 
ܽ ൌ ටሺ12.376	Åሻଷ/ܿ. Figure 1b and Table I show both a and c for the YIG films of 9.8  t  
72.7 nm, which exhibit a clear strain relaxation as t increases, while the strain-induced tetragonal 
distortion  = (c – a)/a of the YIG films decreases from 2.05% to 0.073%. 
We determine the magnetic anisotropy of our YIG films using FMR spectroscopy at 
radio-frequency (rf) f = 9.60 GHz. A magnetic field H is applied at an angle H with respect to 
the film normal (see inset to Fig. 2a). Figure 2a shows four representative FMR spectra for the 
72.7-nm YIG film at H = 0, 30, 50 and 90. The resonance field Hres is defined as the field at 
which the derivative of the FMR absorption crosses zero. Figure 2b shows the angular 
dependence of the resonance field from out-of-plane (H = 0) to in-plane (H = 90) for the 9.8, 
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15.0, 29.3 and 72.7-nm YIG films as the tetragonal distortion  varies from 2.05% to 0.073%. 
The magnetization can be quantitatively characterized from the total free energy density F for the 
YIG films with tetragonal symmetry [19, 20], 
ܨ ൌ െࡴ ൉ ࡹ ൅ ଵଶܯ ቄ4ߨܯୣ୤୤	cosଶߠ െ
ଵ
ଶܪସୄcosସߠ െ	
ଵ
଼ܪସ||ሺ3 ൅ cos4߶ሻsinସߠ െ
ܪଶ||sinଶߠsinଶሺ߶ െ గସ	ሻቅ,        (1) 
where  and  are angles describing the orientation of the equilibrium magnetization (M) (see 
inset to Fig. 2a). The first term in Eq. (1) is the Zeeman energy and the second term is the 
effective demagnetizing energy 4ߨܯୣ୤୤ ൌ 4ߨܯୱ െ ܪଶୄ  which includes the shape anisotropy 
(4Ms) and out-of-plane uniaxial anisotropy ܪଶୄ. The remaining terms are out-of-plane cubic 
anisotropy (ܪସୄሻ, in-plane cubic anisotropy (ܪସ||) and in-plane uniaxial anisotropy (ܪଶ||). We 
measure the magnetic hysteresis loops of the YIG films using a vibrating sample magnetometer 
(VSM) to obtain the saturation magnetization Ms. The values of 4Ms vary from 1590 to 1850 
Oe, which lie in the range of reported magnetization in YIG samples grown by LPE and PLD 
[11-14, 21]. The inset to Fig. 2b shows representative in-plane and out-of-plane hysteresis loops 
for the 37.9-nm YIG film, indicating clear magnetic shape anisotropy. Due to strain relaxation, 
the coercivity of our YIG films on YAG (001) ranges from 30 to 80 Oe for different thicknesses, 
much larger than the values of YIG films on lattice-matched GGG [13]. 
The equilibrium orientation (, ) of magnetization can be obtained by minimizing the 
free energy, and the FMR resonance frequency  in equilibrium is given by [19, 20, 22] 
ቀఠఊቁ
ଶ ൌ ଵெమୱ୧୬మఏ ൤
డమி
డఏమ 	
డమி
డథమ െ ቀ
డమி
డఏడథቁ
ଶ൨,     (2) 
where ߛ ൌ ݃ߤ஻/԰  is the gyromagnetic ratio. We use a numerical procedure to obtain the 
equilibrium angles at resonance condition [23, 24] and fit the Hres vs. H data to determine 
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4ߨܯୣ୤୤ , ܪସୄ , ܪସ|| , ܪଶ|| , and g factor. In Figure 2b, the fitting curves agree well with the 
experimental data which reveal a systematic variation of 4ߨܯୣ୤୤  for YIG films of different 
thicknesses. For the 9.8-nm film, 4ߨܯୣ୤୤ = 3103 Oe while for the 72.7-nm film, 4ߨܯୣ୤୤ = 1639 
Oe, indicating that the strain induces substantial out-of-plane anisotropy. The out-of-plane 
uniaxial anisotropy ܪଶୄ can be calculated from the values of ܯୱ and 4ߨܯୣ୤୤. Figure 3a shows 
ܪଶୄ as a function of tetragonality ߪ for all the YIG films on YAG; ܪଶୄ varies linearly with strain. 
This tunability of magnetocrystalline anisotropy through lattice symmetry highlights the central 
result of our study: the proportionality of ܪଶୄ to the tetragonal distortion of the YIG lattice over 
a broad range (-2.05% ൏ ሺܿ െ ܽሻ/ܽ ൏ -0.073%), 
	ܪଶୄ ൌ ሺ12 േ 64ሻ െ ሺ55.8 േ 5.3ሻ10ଷሾሺܿ െ ܽሻ/ܽሿ (Oe). 
Figure 3a demonstrates a fundamental relationship between magnetocrystalline anisotropy and 
lattice symmetry which is expected but has not been seen before in YIG films.  
We also find the in-plane uniaxial anisotropy ܪଶ|| increases with tetragonality of the YIG 
lattice. Figures 2c and 2d show both the experimental data and fits to the in-plane angular 
dependence of Hres for the 9.8 and 72.7 nm YIG films on YAG. Clear four-fold symmetry is 
observed in the 72.7-nm YIG film while superposition of two- and four-fold symmetry appears 
in the 9.8-nm YIG film. Based on Eqs. (1) and (2), when the in-plane anisotropy is small, the in-
plane resonance condition can be expressed by [19, 20]:  
൬߱ߛ൰
ଶ
ൌ ቄܪ ൅ ܪସ||cos4߶ െ ܪଶ|| cos ቀ2߶ െ ߨ2	ቁቅ 
ൈ ቄܪ ൅ 4ߨܯୣ୤୤ ൅ ுర||ሺଷାୡ୭ୱସథሻସ ൅ ܪଶ|| sinଶሺ߶ െ
గ
ସሻቅ.  (3) 
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Figure 3b plots the dependence of ܪଶ|| on tetragonality (c-a)/a, where ܪଶ|| can be tuned from 1 to 
60 Oe with the magnitude of tetragonality varying from 0.073% to 2.05%. A linear fit to Fig. 3b 
gives 
	ܪଶ|| ൌ ሺ2 േ 6ሻ ൅ ሺ31.1 േ 4.6ሻ10ଶሾሺܿ െ ܽሻ/ܽሿ (Oe). 
The strain-induced anisotropy arises from the magnetization-lattice coupling [25, 26] in 
which a change in inter-atomic distances alters the magnetic properties through spin-orbit 
coupling. Since 	ܪଶୄ	is more than one order of magnitude larger than 	ܪଶ|| in the YIG films on 
YAG, here we focus on the strain-induced 	ܪଶୄ	. The magnetoelastic energy density is given 
by	ܨ ൌ െߪܾ when M is along the [001] direction, where b and 	ߪ are the magnetoelastic constant 
and tetragonality (c-a)/a, respectively. Figure 3c shows the linear dependence of anisotropy 
energy, 
ܧୟ୬୧ ൌ െ ଵଶܯ	ܪଶୄ,        (4) 
on tetragonality for all the YIG films, from which a least squares fit gives, 
Eani =ሺെ7.0 േ 54.2ሻ10ଶ ൅ ሺ40.4 േ 4.4ሻ10ହሾሺܿ െ ܽሻ/ܽሿ (erg/cm3),  
from which we obtain –b = (40.4  4.4)  105 erg/cm3. The negative value of b implies that the 
magnetic easy axis is parallel to a short axis of the tetragonal lattice. The magnetoelastic constant 
of YIG is somewhat smaller than but of the same order as that in double perovskite Sr2FeMoO6 
films with –b = (92.9  4.5)  105 erg/cm3 [6]. The similarity may arise because both Y3Fe5O12 
and Sr2FeMoO6 are Fe3+-based ferrimagnetic oxides, while the presence of 4d transition metal 
Mo5+ in Sr2FeMoO6 enhances the spin-orbit coupling and, consequently, the magnetoelastic 
coupling. This result demonstrates the ability to tune magnetocrystalline anisotropy in thin YIG 
epitaxial films by substrate lattice mismatch and film thickness. 
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YIG is an excellent material for microwave application and spin pumping [7-10] due to 
its narrow linewidth and insulating nature. One fundamentally interesting question is how the 
strain-induced FMR linewidth broadening in YIG/YAG films will affect the spin transfer 
capability at YIG/Pt interface [9, 10]. It is believed that the FMR linewidth largely determines 
the quality of YIG films and interfacial spin mixing conductance ܩ௥  in YIG/normal-metal 
bilayers. Here, we report cavity FMR spin pumping measurements in Pt/YIG/YAG . The FMR 
peak to peak linewidth ∆ܪ is 83.9Oe for the 72.7 nm YIG film on YAG. Figure 4a shows the 
VISHE vs. H spectra for Pt( 5 nm)/YIG(72.7 nm)/YAG with an in-plane DC field ࡴ at Prf = 200 
mW. The ISHE signal is 123 V which, although smaller than our previously reported mV VISHE 
for Pt/YIG on GGG [10], is still large for Pt/YIG system. Figure 4b shows the FMR derivative 
absorption spectra of a single 72.7-nm YIG film and a Pt(5 nm)/YIG(72.7 nm) bilayer on YAG. 
The real part of interfacial spin mixing conductance ܩ௥ can be determined from [27, 28], 
ܩ௥ ൌ ݁2݄ 2√3ߨܯsߛݐF݃ߤB߱ ൫ΔܪPt/YIG െ ΔܪYIG൯     (5) 
where , ݃, ߤ୆ and ݐி are the gyromagnetic ratio, ݃ factor, Bohr magnetron and thickness of YIG 
film, respectively. Using Eq. (5) and the linewidths from Fig. 4b, we obtain the spin mixing 
conductance (3.33 േ 0.15)  1014 -1m-2 for Pt/YIG on YAG, which is slightly smaller but 
comparable to the values of 3.73  1014 and 4.56  1014 -1m-2 for Pt/YIG bilayers on GGG [10]. 
This indicates that the larger FMR linewidth for YIG films grown on YAG essentially does not 
change the effective spin angular momentum transfer capability across the Pt/YIG interface. One 
possible explanation is that the strain-induced inhomogeneity mostly exists in the bulk of the 
YIG film and the Pt/YIG interface remains high quality. 
The tunable magnetocrystalline anisotropy in strained YIG thin films with a clear linear 
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dependence on the tetragonal distortion of YIG lattice allows for fundamental understanding of 
magnetization-lattice coupling in this important magnetic material and enables potential 
microwave and spin-electronic applications via control of the lattice symmetry. This behavior 
points towards potential strain engineering of YIG epitaxial films, for example, with lateral 
modulation of strain to tune the magnetic resonance characteristics and to design microwave 
heterostructures for novel applications. 
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Figure Captions: 
Figure 1. (a) Semi-log 2θ- XRD scans of YIG films of thickness t = 9.8, 12.4, 15.0, 19.5, 29.3, 
37.9 and 72.7 nm grown epitaxially on YAG (001) substrates. The arrows indicate the positions 
of the YIG (004) peak. The satellite peaks in the scans of 37.9 and 72.7 nm YIG films are the 
Laue oscillations. (b) Thickness dependence of the in-plane (blue open squares) lattice constant a 
and out-of-plane (red solid circles) lattice constant c of the YIG films on YAG. The horizontal 
dashed line represents the bulk lattice constant a = 12.376 Å of YIG.  
Figure 2. (a) Room-temperature FMR derivative spectra for a 72.7 nm YIG film on YAG (001) 
at H = 0, 30, 50, and 90. Inset: coordinate system used for FMR measurements and analysis. 
(b) Out-of-plane angular dependence (H) of the resonance fields (Hres) for the 9.8, 15.0, 29.3, 
and 72.7 nm YIG films. The fitting (solid curves) was performed using Eqs. (1) and (2) to obtain 
4πMୣ୤୤, from which Hଶୄ		was determined for each film. Inset: in-plane (blue) and out-of-plane 
(red) magnetic hysteresis loops of a 37.9-nm thick YIG film. In-plane angular dependence (H) 
of Hres for the (c) 9.8 nm and (d) 72.7 nm YIG films. 
Figure 3. (a) Out-of-plane uniaxial anisotropy field H2, (b) in-plane anisotropy field H2|| and (c) 
(c) out-of-plane anisotropy energy Eani as a function of the tetragonal distortion (c–a)/a of the 
YIG films.  
Figure 4. (a) VISHE vs. H spectra at θH = 90 and 270 using Prf = 200 mW for a Pt(5 
nm)/YIG(72.7 nm) bilayer. Inset: FMR spin pumping experimental geometry. (b) FMR 
derivative absorption spectra of the 72.7-nm thick YIG film before (red) and after (blue) the 
deposition of a 5-nm Pt layer.  
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Table I. Structural and magnetic parameters of YIG epitaxial films with thickness 9.8  t  72.7 
nm on YAG (001). 
t (nm) a (Å) c (Å) (c-a)/a H2 (Oe) Eani (erg/cm
3) H2|| (Oe) H4|| (Oe) 
9.8 12.293 12.545 2.05% -1.25  103 9.22  104 60.4 42.0 
12.4 12.308 12.513 1.66% -902 6.30  104 48.7 58.6 
15.0 12.318 12.493 1.43% -701 4.57  104 52.1 66.8 
19.5 12.334 12.460 1.03% -543 3.77  104 17.9 17.9 
29.3 12.354 12.420 0.53% -445 2.91  104 23.9 18.0 
37.9 12.363 12.402 0.31% -139 1.00  104 2.75 25.9 
72.7 12.373 12.382 0.073% -49 3.10  103 0.941 25.6 
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